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Fifty years ago, Ljunggren (1) successfully
grew adult skin in vitro and subsequently
proved its survival by transplanting the in
vitro specimen onto the original donor. De-
spite the fact that his experiment was suc-
cessful, this technic has failed to become a
popular experimental tool because organ cul.-
tures of adult skin, unlike embryonic skin,
grew poorly and lacked some of the structural
features of skin growing in vivo.
Recently, however, Blank (2) described
good survival of adult skin on agar; Szabo (3)
has described the beneficial effects of vitamin
A on explanted adult skin; Gillette (4) has
experiments were done.
MATERIAL5 AND METHODS
Sixty-five human skin specimens were studied.
Common sources were the abdominal wall of ca-
davers at autopsy less than eight hours after death,
and breasts removed by mastectomy performed
for carcinoma. Several specimens from individuals
with no known disease were obtained by biopsy
removal from the back or thigh. The donors were
of both sexes and from one to eighty years of age;
the majority of specimens were obtained from in-
dividuals between 40 and 60 years of age.
The skin obtained from surgical specimens had
been subjected to a variety of preoperative anti-
septic procedures. Autopsy specimens received no
comparable treatment. Excised pieces of skin were
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freed from fat and allowed to remain from fifteen
minutes to one hour in Hank's balanced salt solu-
tion (BSS) to which 200 units/mI penicillin-li and
100 7/mI streptomycin had been added. After the
skin was stretched dermis side down on a clean
filter paper, it was pinned to a cork board. The
surface of the skin was stripped approximately 40
times with separate pieces of adhesive cellophane
tape,1 each of which had been pressed firmly
against the skin surface. The stripped surface ap-
peared glossy. The epidermal surface was then
moistened with BSS and a superficial slice 0.5 mm
thick was removed with the aid of a Castroviejo
keratome. This strip, which included the epidermis
and part of the adjacent corium (Fig. 1), was cut
into many square pieces approximately 2 mm on
a side; these were immediately planted with the
dermis side down on pieces of pre-washed cellulose
sponge (10 x 10 x 2 mm) moistened with growth
medium. Each sponge carried 5 explants. Explant
groups were placed into small, disposable plastic
Petri dishes, each containing 4 ml of Eagle's mini-
mum essential medium (MEM) enriched with
10% human serum and 1% glutamine. Two hun-
dred units/nil penicillin-li and 100 y per ml strep-
tomycin were added to the growth medium. The
growth medium reached the surface of the sponges
but did not cover the explants. The covered Petri
dishes were placed in a humidified incubator main-
tained between 36°C and 38°C and gassed with a
C02/air mixture which maintained a pH of 7.2 to
7.4 in the growth medium. Explants were fed with
fresh medium every two to three days and were
harvested in groups of five either daily or on days
four and seven of growth. Harvested specimens
were fixed in 10% formalin and embedded in
paraffin. Sections were stained with hematoxylin
and eosin.
Biopsy specimens which were too small to be
stripped by cellophane tape in the usual fashion
were grasped by the dermal surface and pressed
repeatedly against a long stretch of tape pinned
to a board.
The following environmental modifications were
studied: The pH of the medium was varied from
7.0 to 7.8 by the addition of hydrochloric acid or
sodium bicarbonate; the standard gas ratio of 95%
air and 5% CO2 was changed to 95% 02 and 5%
C02; vitamin A alcohol2 was added to the stand-
ard growth medium in amounts ranging from 5
international units/mi to 40 international units/mi,
the final concentration of alcohol in the medium
not exceeding 0.25%; control specimens were
grown in MEM to which only glutamine and al-
cohol were added; crystalline zinc insulin was
"Scotch" brand tape was used.2Vitamin A alcohol was obtained from Mann
Research Laboratories, New York.
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reported that explants survive longer on me-
dium enriched with cortisone acetate; and
Matolsy (5) showed improved epidermal
growth and organization in specimens of adult
skin which had initially been stripped with
adhesive cellophane tape. Using the cellophane
tape technic prior to explantation, Reinertson
(6) found keratohyalin granule formation in
the epidermis, a feature of normal adult skin
usually lacking in organ cultures. The promis-
ing results of these studies have renewed the
possibility that adult skin growing in vitro can
be used as an experimental model, and it was to
evaluate this premise further that the present
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Fia. 1. Section of normal adult human skin from
the breast stripped thirty-eight times with ad-
hesive cellophane tape. 10 microns. H & E. X 464.
Fia. 2. Explant (from same specimen as Figure
1) haryested after four days of in vitro growth.
Arrow indicates pre-existing granular cell. Directly
underneath this layer is newly formed stratum
corneum with occasional pyknotic nuclei. Directly
underneath the new stratum corneum are newly
formed, spindle-shaped, granular cells. Beneath this
layer is the body of the epidermis containing well
organized layers of prickle cells and basal cells.
10 microns. H. & E. X 464.
Fia. 3. Explant (from same specimen as Fig. 1)harvested after seven days of in vitro growth.
Arrow indicates pre-existing granular cell. Directly
beneath this layer is newly differentiated stratum
added to the standard growth medium in amounts
ranging from 0.1 unit to 2.5 units/ml, and speci-
mens on this regime were cultured under high
oxygen tension as well as under standard gas con-
ditions. Ten y/ml glucagon hydrochloride3 was
added to the standard growth medium. Hydrocor-
tisone (in alcohol) was added to the growth me-
dium in amounts between 0.025 and 0.25 mg/ml,
the final concentration of alcohol not exceeding
0.25%; specimens were exposed to repeated doses
of ultraviolet light (30 sec, 253 mt at 4—S inches)
on days three, four, and five of growth. In assess-
ing each of these variables, control specimens were
studied.
Histochemical technics were employed to iden-
tify several chemical components of the growing
epidermis. Unless otherwise indicated, 10% for-
malin fixation was used. Glycogen and/or poly-
saccharide proteins were stained by the periodic
acid-Schiff method. Ribonucleic acid and desoxy-
ribonucleic acids were identified by the methyl
green-pyronin stain and the Feulgen technique re-
spectively. Protein-bound sulfhydryl groups were
identified by the Barrnett-Seligman (7) dihydroxy-
dinaphthyl-disulfide reaction after trichloracetic
acid fixation. Protein-bound histidine was stained
by a modification of the Pauly reaction (8). Tyro-
sine was identified by the Glenner-Lillie diazotiza-
tion-coupling reaction (9).
Specimens which were to be examined for en-
zymes were frozen rapidly in isopentane at —165°C
and stored in liquid nitrogen until used. Consist-
ency of the enzymatic staining procedures was
checked by including control sections of normal
skin in each staining procedure. Other controls
consisted of sections incubated in media without
substrate.
The identification of succinic dehydrogenase
was based upon the reaction of Nachlas et at
(10) and was carried out as follows: Cryostat sec-
tions of unfixed tissue 26 microns thick were incu-
bated for two hours at 37°C in the following solu-
tion: 0.1 ml of 0.5 M sodium succinate, 0.1 ml of
0.1 M KCN, 0.1 ml of 0.01 M nitro BT, 0.5 ml of
0.1 M phosphate buffer (pH 7.4), 0.2 ml H20.
The method for DPN-diaphorase was derived
from Nachlas et at (11); cryostat sections 8 mi-
crons thick were incubated for thirty minutes at
37°C in the following solution: 0.2 ml of 0.5 M
sodium lactate, 0.07 ml of 1.5% lactic dehydro-
genase, 0.1 ml of 0.01 M DPN, 0.1 ml of 0.01 M
nitro BT, 0.53 ml of 0.1 M phosphate buffer (pH
7.4).
TPN-diaphorase was identified by a
FIG. 1—3.—Continued
corneum composed of slightly swoHen cells with
nuclear remnants. Level of transition of prickle
cells to granular cells is deep in the body of epider-
mis. Several layers of well-organized prickle cells
are found directly beneath the granular cell layer.
10 microns. H & E. X 464.
Glucagon hydrochloride was obtained from Eli
Lilly Company, Indianapolis.
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tion of the method of Nachlas et al (12); un-
fixed cryostat sections 26 microns thick were in-
cubated for two hours at 37°C in the following
solution: 034 ml of 0.01 M glucose 6-phosphate,
0.1 ml of 0.67 M BaCh, 0.06 ml of 0.01 M TPN,
0.1 ml of 0.01 M nitro BT, 0.34 ml of 0.05 M
veronal buffer (pH 7.4), 0.06 ml of glucose 6-
phosphate dehydrogenase (0.5 units/mI).
RESULTS
Adequate growth and maturation of the
epidermis occurred in about two-thirds of the
specimens of skin cultured. In this group, the
majority of explants from any given specimen
were similar. During the culture period, the
epidermal cells of these explants underwent
rapid multiplication through day 3, trans-
formation to granular cells by day 4 (Fig. 2)
and gradual, progressive differentiation to
stratum corneum through day 7 or S (Fig. 3).
Despite the fact that the explants could survive
for two or three weeks, as evidenced by healthy-
appearing epidermal cells undergoing mitosis,
the overall structure of the epidermis was
progressively altered with age. For this reason,
7 days was accepted arbitrarily as the maximum
period of observation of the growing explants.
The earliest appreciable histological change
was an increase in size of the epidermal cells.
This began immediately and consisted first of a
restoration of cell volume which had been lost
by drying of the skin prior to explantatioii.
This was particularly prominent in autopsy
material. The cells continued to enlarge some-
what beyond the normal size, but no marked
distortion resulted.
Mitotic figures began to appear in the basal
layer by 24 hours and were most frequent be-
tween day 2 and 3 of culture. Random counts
at this stage suggested that the mitotic index
of the epidermis was 5 to 10 times that of the
original specimens. Occasional figures appeared
in cells that lay one or two layers above the
basement membrane, but the great preponder-
ance of mitotic activity was in the basal layer.
After day 3, mitotic activity was reduced to a
constant level which was maintained through-
out the culture period of 7 days.
At the base of the epidermis, a single layer of
cells remained oriented as a basal layer. Above
this layer were well-formed prickle cells, with
distinct intercellular bridges. At day 3, the
number of prickle cells was greater than at any
other time during the culture period and the
epidermis was generally two to five cell layers
thicker than in the original specimen. In these
early cultures, a uniform progression of prickle
cells like that of the tissue of origin was main-
tained. By day 4, keratohyalin granules were
formed in the elongated cells of the maturing
epidermis. The number of granular cells at this
stage varied considerably from one area of an
explant to another; however, some granules
always formed in specimens grown under
standard conditions (Fig. 2).
Beyond the third day of culture, the thick-
ness of the entire epidermis did not change
appreciably, although the ratio of cell types
was gradually changed. During the first 3 days
of growth, prickle cells formed the majority of
cells and there were only a few thin, elongated
cells near the surface. The subsequent differ-
entiation of prickle cells to granular cells and
stratum corneum gradually extended more
deeply into the epidermis (Fig. 3) until only
two or three layers of basally located cells re-
mained. Usually by day 6 or 7, epidermal cells
from the margins of the specimens had grown
outward over the uncovered surface and had
partially or completely encircled the explant.
This outgrowth showed some mitotic activity
and limited differentiation.
At the surface of all explants, there was
transformation to a zone that will be referred
to as a stratum corneum. This usually appeared
immediately above the granular layer and re-
sembled normal stratum corneuni for the first
4 or 5 days of in vitro growth. Occasional
nuclear fragments were present here, and some
explants showed various degrees of further
modification to a zone containing swollen cell
remnants with prominent cell membranes and
pyknotic nuclei (Fig. 3). Keratohyalin granules
were occasionally scattered throughout the zone.
This modified pattern of the stratum corneum
was increasingly prominent in aging cultures.
Throughout the growth period, the basal cells
continued to store melanin. The total amount
of pigment was related roughly to the amount
in the original specimen. The pigment distri-
bution became irregular in most cultured speci-
mens and by day 4, groups of pigmented cells
alternated with patches of basal cells without
visible pigment. By this time there was usually
some increase in the amount of pigment within
cells of the stratum spinosum as well as within
phagocytes of the corium.
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During the early days of culture, develop-
ment of the epidermis appeared to be uniform,
but there was increasing structural irregularity
related to culture age in explants harvested
after more than 3 days. At first these were
minimal, represented by the irregular pigment
storage mentioned above, irregularity in the
distribution of keratohyalin granules in the
granular layer, and by slight irregularities in
orientation of the epidermal cells. By 4 days,
most cultures showed a few small groups of
cells in the stratum spinosum oriented about
foci as if a local stimulus to maturation had
occurred. Occasionally, cells situated in rete
projections displayed still another type of ir-
regularity which suggested focal degeneration
progressing to necrosis.
Although some recognizable irregularity in
epidermal orientation or maturation was pres-
ent in every explant by 4 days, these changes
usually did not dominate the pattern of cell
growth at this time. The appearance of the
epidermis of the explant in general was like
that of normal epidermis.
Connective tissue cells of the dermis generally
remained intact through the third day of cul-
ture, after which some cells showed changes
which included nuclear pyknosis and frag-
mentation. Hair follicles, sweat ducts, and
sweat glands were often well preserved, but
occasionally showed foci of shrunken (ne-
crotic) cells like those in the epidermis, even in
areas of actively growing epidermal cells. The
cells of sebaceous glands usually lost nuclear
staining by the third day and appeared necrotic
in most of the explants bearing these structures.
The above description represents the usual
appearance of the explants in which growth
and maturation of epidermal cells was good
despite minor irregularities. These explants
represent approximately two-thirds of the
specimens cultured. In the remaining speci-
mens, epidermal development was so spotty or
uniformly poor and/or disorganized that the
usefulness of the explants was limited. In most
instances of this kind, the cause of failure
was not recognized. The age or sex of the donor,
or the source or freshness of the sample did not
appreciably influence the growth obtained.
Failures could not be traced to any given pre-
operative antiseptic procedure since similar
treatment of other specimens often resulted in
adequate growth.
Specimens grown in medium containing
sufficient bicarbonate to maintain the pH be-
tween 7.6 and 7.8 regularly developed more
keratohyalin granules than explants from the
same specimens growing at pH 7.0 to 7.4. Be-
yond pH 7.8, survival of the specimens de-
creased sharply.
Whereas 95% air and 5% CO2 maintained
explants adequately, survival of specimens in
95% 02 and 5% CO2 decreased sharply within
the first twenty-four hours of culture. Vitamin
A (5 i.u./ml), insulin, glucagon or hydrocorti-
sone did not appreciably affect the growth of
the explants. Explants incubated with higher
doses of vitamin A (40 i.u./rnl) grew poorly as a
rule. The epidermis in these specimens was
thinner than in the control specimens, few
keratohyalin granules were formed, and exces-
sive numbers of pyknotic nuclei appeared in
the newly differentiated stratum corneum.
Efforts to stimulate the growing epidermis at
any stage by ultraviolet irradiation were with-
out effect. Restripping the explants by cello-
phane tape after the third day of growth
succeeded only in removal of the entire epi-
dermis as a sheet. Experiments in transplanta-
tion of such isolated epidermal sheets are cur-
rently under investigation in our laboratory.
The following histochemical description is ap-
plicable to all specimens which showed active
growth and differentiation. Accumulation of epi-
dermal glycogen was not observed at any stage.
After two days of culture, succinic dehydrogenase
was decreased in all epidermal cells except the
basal cells in which a constant level of activity
was maintained. Throughout the culture period,
DPN-diaphorase remained uniformly distributed
throughout the epidermis. TPN-diaphorase activ-
ity was greatly increased in the epidermis from
day 2 through day 6 of culture. In control (un-
cultured) specimens, this enzyme was demon-
strated as a faint stain in the transitional zone of
the epidermis. In specimens obtained after 2 days
of growth, all viable epidermal cells showed TPN-
diaphorase activity, and precipitation of formazan
particles was dramatically increased in the upper
layers of the stratum spinosum and in the transi-
tional zone. RNA accumulation (indicated by the
pyronin stain) was patchy throughout the growth
period. Certain epidermal cells showed striking
cytoplasmic pyroninophilia in the presence of
neighboring cells which were much less stained.
The Feulgen stain indicated that pyknotic nuclei
found in the newly differentiated stratum corneum
contained DNA. Protein-bound histidine was con-
centrated in the epidermis only in relation to
keratohyalin granules. Tyrosine was prominent in
all differentiating layers, but was not demonstra-
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Me in the basal layers. Protein-hound sulfhydryl
groups were present throughout the growing epi-
dermis, and showed a moderate increase in the
transitional layer after four to five days of growth.
DISCUSSION
The morphological chaiges occurring in
adult humrn epidermis durthg in vitro growth
may be schematically interpreted as ii Fig. 4.
Accordiig to this coicept, the epidermis eiters
an active period of growth shortly after the
horny layers are removed by strippiig with
cellophane tape. Duriig this time, iew cells
are formed in the basal layers aid the total
thickiess of the cellular epidermis increases
(Fig. 4; C aid D). As the cultures age, prickle
cells are progressively converted iito graiular
cells aid/or stratum corneum and the ratio of
cornified to cellular layers is gradually reversed
(Fig. 4; D, B, arid F).
Although in vitro growth of adult skiri re-
sembles skin in vivo, there are differerices from
in vivo growth. Most apparent is the limited
period of time duririg which riormal appearirig
epidermis can be maintained iii culture. The
question arises whether the preliminary manip-
ulation of the specimen, particularly the strip-
ping, may have initiated a reaction to injury
which caused a short and isolated period of
active cell multiplication. Indeed, the number
of mitotic figures in the early explants ap-
proaches that seen in regenerating epidermis
in vivo and the increased activity of TIPN-
related diaphorase is comparable to that found
in rapidly proliferating epidermis in vivo (13).
Assumption that the cultured epidermis was
already stimulated to its maximum growth
capacity provides an explanation for the lack
of growth-stimulating effect of ultraviolet light
exposure, or of vitamin A, insulin or glucagon
when added to the culture medium. It is also
possible, however, that the type of cell under—
going proliferation does not respond to these
stimuli under the prevailing experimental
conditions. The absence of demonstrable gly-
cogen by special staining of the epidermal
cells contrasts sharply with the prominence of
stainable glycogen in regenerating epidermal
cells in vivo, and suggests the possibility of a
fundamental metabolic defect in the cultured
cells.
Another difference from the in vivo tissue is
the irregularity of behavior of individual cells
under in vitro conditions. There is some dis-
order to the epidermal growth in a large pro-
portion of explants, apparently unrelated to
the nature of the original specimen or to recog-
D. (3—days) E. (4-5 days) F. (6-7 days)
Fm. 4. Diagrammatic interpretation of growth and differentiation of normal adult epidermis during
seven days of in vitro growth after the removal of cornified layers with cellophane tape. S.C. represents
newly formed stratum corneum; stippled cells contain keratohyalin granules; cells labeled 1 are basal
cells; cells labeled 2, 3, or 4 are pre-existing prickle cells; cells labeled 5 are pre-existing granular cells;
cells labeled X are newly formed basal and prickle cells. After initial rehydration of specimens (B)
new cells are formed in the basal layers (C) and the total thickness of the epidermis is increased (C, D).
As the cultures age, prickle cells are progressively converted into granular cells (E) and/or stratum
corneum (D, E, F) and the ratio of cornified to cellular layers is gradually reversed.
IL
A. (0-day) IL
'4••• 5 )s.c.
x
x
: >s.c.
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nizable factors in culture technic. The signifi-
cance of the irregularities of cell orientation
and maturation is important in determining
the value of studies of organ cultures of skin.
It should be kept in mind that the epidermis
in vivo may also present minor irregularities
of orientation, and that in regenerating epi-
dermis there are always structural irregulari-
ties. Although these irregularities do not re-
semble those of tissue explants exactly, they
serve as a reminder that variations from com-
plete uniformity occin with ease upon modifi-
cation of the conditions of epidermal growth.
Although major differences between the in
vivo and in vitro growth of epidermis do exist,
there is, nevertheless, in human skin explants,
prepared as described here, a certain predictable
behavior embodying cell multiplication and epi-
dermal maturation, with the formation of
keratohyalin granules and stratum corneum.
The use of numerous duplicate explants can
overcome some problems due to variation of
individual specimens.
Despite irregularities inherent in the method,
we feel the use of skin explants is of value in
studying the influence of the environment upon
adult epidermis. One such study reported here
has identified the pH of the medium as a factor
influencing the formation of keratohyalin
granules. Whether this finding has any bearing
u1pon the formation of keratohyalin granules
in vivo is a question that requires further study.
SUMMARY AND CONCLUSIONS
Explantation of small pieces of post-embry-
onic human skin under controlled conditions
has resulted in growth and differentiation of
epidermal cells leading to the formation of
keratohyalin granules and cornification. The
production of keratohyalin granules can be
influenced by modifying the pH of the growth
medium.
Although the nature of epidermal growth in
culture is different from that in vivo, the type
of preparation described permits certain studies
of the effect of controlled environmental changes
upon growing epidermal cells.
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